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Abstract 
Fixed-wing Micro Aerial Vehicles (MAVs) need effective sensors that can rapidly 
detect turbulence induced motion perturbations. Current MAV attitude control systems 
rely on inertial sensors. These systems can be described as reactive; detecting the 
disturbance only after the aircraft has responded to the disturbing phenomena. In this 
part of the paper, the current state of the art in reactive attitude sensing for fixed-wing 
MAVs are reviewed. A scheme for classifying the range of existing and emerging 
sensing techniques is presented. The features and performance of the sensing 
approaches are discussed in the context of their application to MAV attitude control 
systems in turbulent environments. It is found that the use of single sensors is 
insufficient for MAV control in the presence of turbulence and that potential gains can 
be realised from multi-sensor systems. A successive paper to be published in this 
journal will investigate novel attitude sensors which have the potential to improve 
attitude control of MAVs in Turbulence. 
 
Key words: Micro Aerial Vehicle (MAV), turbulence, conventional, attitude, 
sensors, evaluation, review, limitations, gust perturbation process, survey, gyroscopes, 
accelerometers.  
 
Nomenclature 
b  Baseline 
N  Number of cycles travelled by carrier 
𝜙 Phase angle 
λ Wavelength 
θ Inclination Angle 
σr Range Error 
σθ Inclination Angle Error 
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1 Introduction 
Attitude control is a critical issue for Micro Aerial Vehicle (MAVs). MAVs typically operate 
within the atmospheric boundary layer, a region that is optimum for a range of MAV 
applications in Intelligence, Surveillance, and Reconnaissance (ISR) missions, see Figure 1. 
This region is also characterized as having high turbulence intensity (Watkins et al., 2006, 
Watkins et al., 2010). In the presence of winds and high turbulence intensities the 
performance of MAVs can deteriorate significantly (McCarley and Wickens, 2004, Orr et al., 
2005, Galinski, 2006, Galiński and Żbikowski, 2007, Lissaman, 2009, Shyy et al., 2010, 
Mohamed et al., 2014a).  
One method for mitigating the effect of turbulence on MAV operations is through improving 
the sensing and response time of the on-board attitude control system. This can be achieved 
through a variety of sensing methods. Wang et al. (2011) present a preliminary investigation 
of traditional aircraft attitude estimation methods commonly employed by MAVs and explore 
refined signal processing techniques applicable to Micro Electro Mechanical Systems 
(MEMS) Gyroscopes. Apart from the study by Wang et al. (2011), a current comprehensive 
study of existing and emerging reactive sensors, sensor configurations, and their application 
to MAV attitude control could not be identified in the literature.  
The objective of this paper is to provide a qualitative evaluation of current attitude sensors 
used by fixed-wing MAVs in elevated levels of atmospheric turbulence. The results from an 
extensive survey of commercially available attitude sensors are presented. This paper creates 
a framework for evaluating the sensors under turbulence conditions typically encountered 
during MAV operations.  
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FIGURE 1: MAV OPERATION IN TURBULENT ENVIRONMENTS 
  
2 Atmospheric Turbulence Relevant to MAVs 
To develop the requirements on sensors for MAVs, one must first characterise the nature of 
the disturbing phenomena. A detailed review of turbulence relevant to MAVs has been 
presented in Mohamed et al. (2014a) with the key points of the study presented here. 
Perturbations in pitch due to turbulence can be considered as quasi-static and can be easily 
compensated for (Abdulrahim et al., 2009, Watkins et al., 2006). Conversely, roll 
perturbations cannot be easily compensated for and have been identified as the most 
significant disturbing factor for small fixed-wing aircraft (Abdulrahim et al., 2009, Watkins et 
al., 2006). As such, mitigation of the turbulence-induced roll perturbations is the focus of this 
paper.  Watkins et al. (2006)Turbulence length scales equivalent to the chord length of the 
MAV pose the most significant source of instability Watkins et al. (2006). Turbulence 
frequencies relevant to MAVs range from 0.1-250Hz, where there is little turbulence energy 
present above 250Hz. Watkins et al. (2006) found that there can be large fluctuations in 
incident flow pitch angle (~ ±10o) at lateral intervals equivalent to the semi-span of MAVs. 
This would suggest that reducing the wingspan could improve roll stability, as there will be 
higher coherence in the incident turbulence along the wingspan of the MAV. However, this is 
highly dependent on the length scale of the turbulence, as smaller scales will result in lower 
coherence.  
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There are efforts to improve MAV avionics to achieve higher performance in the presence of 
such turbulence. Ratti et al. (2011) demonstrated the possibility of equipping MAVs with 
avionics that can attain similar stabilisation performance to that of larger sized Unmanned 
Aerial Vehicles (UAVs). A Micro Architecture and Control (MARC) avionics system is 
presented with significant improvements in weight reduction and power consumption to cater 
for the constraints of MAVs. However, MAVs require a high control input rate to compensate 
for turbulence-induced motion. The input rate is currently unachievable due to the inherent 
time-lags of the control system and its time-lagged actuators, see Mohamed et al. (2014a). 
Wang et al. (2011) state that the attitude data update rate of a MAV needs to be greater than 
25Hz. When in manual control mode, humans can only comfortably achieve control rates of 
up to a few Hertz (Hz) and not for sustained periods of time (Jenkins et al., 2001). 
Consequently, automated attitude control systems are needed for MAV operations in turbulent 
environments. Such systems rely on a variety of sensors and sensor configurations.  
3 Classification of Sensors 
A framework for classifying the different types of sensors that can be used for attitude 
estimation in the presence of significant turbulence could not be identified in the existing 
literature. A novel classification approach is proposed here, which is based on the gust 
perturbation process first presented by Mohamed et al. (2014a). The gust perturbation process 
is a sequence of physically measurable phenomena beginning with an input disturbance and 
ending with an inertial response (Watkins et al., 2013). Figure 2 illustrates the application of 
this approach specific to the lateral stability of a fixed-wing MAV.  
The sequence of measurable phenomena illustrated in Figure 2 begins with the input 
disturbance, which is a variation in angle of attack due to turbulence or a gust. The sequence 
ends with a divergence of the MAV from its desired trajectory. This sequence is used as the 
primary basis for classifying sensors. Whilst the event sequence illustrated in Figure 2 is 
specific to roll perturbations, a similar high-level sequence could be used to describe 
perturbations in pitch and yaw. 
The sensor classification begins with distinguishing between phase-advanced and reactive 
sensors. phase-advanced sensors can be used to detect or predict potential disturbances before 
the MAV exhibits an inertial response. Reactive sensors are those that can detect or estimate 
an inertial response of the MAV due to a disturbance. The literature review found that the 
primary sensors used in MAV attitude control are reactive. The scope of the first part of this 
review paper is thus restricted to reactive sensing approaches. Using the same classification 
outlined here the second part of this paper explores phase-advanced bio-inspired sensors 
(Mohamed et al., 2014b). 
 As illustrated in Figure 2, the considered reactive sensors can be classified based on the 
nature of the inertial measurement performed: 
1. Angular acceleration 
2. Angular rate  
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3. Angular displacement 
4. Translation in position 
Incident Flow 
Variation 
(Magnitude & Angle)
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Roll Acceleration
Roll Rate
Angular 
Displacement
Flight Path 
DIvergance
Reactive Sensors
Pressure/ Velocity 
Variation
1
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4
5
67
Position/Localisation 
Sensors
 Tilt Sensors
 Optical flow
 Horizon Sensors
 Multi-antenna GPS 
 Accelerometers
Phase-Advanced 
Sensors
 Gyroscopes
 
FIGURE 2: THE MEASURABLE PERTURBATION INDUCED EVENTS CAUSED BY ADVECTION OF 
TURBULENCE OVER A WING AND THEIR ATTRIBUTED SENSORS 
4 Unique Considerations for MAVs 
Before exploring the individual sensors in each of the four classes, it’s important to first 
outline the operational and technical requirements of MAVs and how they constrain attitude 
sensor selection. As shown in Table 1, there are a number of operational and technical 
challenges that can impact on the performance and practicality of different sensors for 
turbulence mitigation. 
MAV's original impetus was the development of an aircraft that weighed less than 90g with 
maximum dimension of ~15.2cm (Mueller, 2007). Mass and wingspan are defining 
parameters for MAVs. The reduction of mass and wingspan is a key quality, allowing rapid 
field deployment. Currently, there is no formal and agreed definition of an MAV with respect 
to size. Extensive work to characterise the properties of small Unmanned Aircraft Systems 
(UAS) has been undertaken by Palmer (2009). Figure 3 shows the effective wingspan or rotor 
span of small UAS from Palmer (2009). The primary flight requirements are effective sensor 
placement for surveillance, detection, and communications missions. MAVs typically operate 
at low altitudes and under a variety of weather conditions. Operations in this regime present a 
number of challenges, and in particular, effective attitude control in turbulent conditions.  
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FIGURE 3: EFFECTIVE WING SPAN OR ROTOR DIAMETER FOR A NUMBER OF SMALL UAS 
(PALMER, 2009) 
 
The low-momentum (mass and low speed) of MAV flights contributes to the perceived 
turbulence levels experienced by MAVs. Additionally, MAVs are vulnerable to non-linear 
flow phenomenon occurring at low Reynold’s Numbers (i.e. laminar separation bubbles, and 
bursting vortical core structures). Low-level flight can also challenge the MAV (by flying in 
an obstacle-rich environment), which can obstruct the horizon and line of sight (LoS) 
communications. Weather conditions can also be a significant degrading factor for optical 
based attitude sensors. 
The Size, Weight and Power (SWaP) constraints of typical MAVs (see Table 1) limit most 
sensors to MEMS sensors. The SWaP constraints mean that many MAVs are unable to 
accommodate mechanical dampeners to prevent degradation of sensors from motor vibration 
or impulse loads incurred during launch and recovery. There can also be thermal issues due to 
the close proximity of temperature-sensitive sensors to various sources of heat such as power 
supplies, radio transmitters and microcontrollers. Electromagnetic compatibility can also be 
an issue in confined payload spaces. Electro-Magnetic Interference (EMI) caused by “noisy” 
switching devices (e.g., switch mode power supplies) or radio communications transmitters 
can introduce noise and even disrupt sensor operation. Volume and weight constraints limit 
options for EMI mitigation, which can include increasing the separation between susceptible 
components from potential sources of EMI, the use of additional shielding on cables and the 
use of conductive enclosures.  
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TABLE 1: OPERATIONAL AND TECHNICAL CONSTRAINTS ON SENSORS FOR MAVS 
  
  Sensor Selection Considerations  
O
p
e
ra
ti
o
n
a
l 
re
q
u
ir
e
m
e
n
ts
 
Low altitude flight High atmospheric turbulence 
Horizon obscured by trees, terrain and buildings 
Communication difficulties – limitations on size of 
antenna, low altitude flights lead to limited and 
potentially obscured LoS communications 
Tight manoeuvring around obstacles 
Flight Envelope Non-linear flow phenomenon 
Operational Environment Harsh environment (rain, humidity, and temperature): 
MAVs don’t have adequate cooling and/or insulation to 
protect the on-board avionics. 
Terrain and structures can reduce sensor field of view 
(e.g. obscured visual horizon)  
Cloud obstruction / high variation in light  
Routine impacts Vibration and shocks (hand launch and belly land) 
T
e
c
h
n
ic
a
l 
C
o
n
s
tr
a
in
ts
 Size/ Weight Payload volume limits sensor packaging.  
The limited aircraft dimensions reduce sensor 
baselines. EMI, vibration and heat due to proximity of 
devices. 
Power Primarily limited to passive sensors or active sensors 
with short range. Limited power also reduces the 
available resources needed to process sensor data. 
Communications Limited data bandwidth and LoS due to low altitude 
and payload carrying constraints 
Increased requirement for on-board processing of data 
and/or data storage.  
 
5 Sensor Evaluation 
Factors pertinent in the evaluation of sensors for turbulence mitigation specific to MAV 
operations are presented in Table 2 . The evaluation criteria presented are not independent. 
Attitude sensors are assessed against the relevant criteria. Depending on the type of sensor, 
some criteria may be more critical than others. This paper does not intend to present a 
quantitative evaluation against the presented assessment criteria, since performance of such 
sensors is vendor-specific and will depend on the current technological state, which will 
improve over time. Therefore, a subjective qualitative assessment (see FIGURE 4) was 
deemed appropriate. The presented assessment is made on an ordinal measurement scale, 
which has the qualitative values of Unacceptable, Marginal, and Acceptable. The complete 
sensor evaluation matrix is presented in Table 3. The following subsections discuss the 
evaluation of each sensor type in more detail. 
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TABLE 2: EVALUATION CRITERIA OF ATTITUDE SENSORS FOR MAVS 
Criteria Description 
Sequence in Gust 
Perturbation Process 
Sequencing of the sensed parameter in the physical events induced by turbulence 
which lead to a perturbation (see Figure 2) 
Coverage / 
Availability 
Refers to the availability of the sensor in various conditions and geographic locations 
(ie operation inside or around buildings, canyons, or remote areas). 
Sensors can be limited to LoS operation or are vulnerable to lighting conditions. 
Baseline Utility of the sensor in the short baselines available. 
Robustness Operation in harsh environment imposed on MAVs (i.e. routine impact) 
Size / Weight 
Size and weight considerations of sensors are critical since MAVs have limited payload 
storage space and mass. 
Computation Handling of the processing required to produce a measurement output 
Power Consumption Electrical energy required to operate the sensor 
Resolution Smallest change in the sensed parameter in which a sensor can detect 
Sensitivity The minimum magnitude of sensed parameter required to produce an output 
Dynamic Accuracy 
The degree of closeness of the measurements to the true value while the sensor is 
moving and not exceeding its rated measurement range 
Drift Long-term change in sensed parameter 
Response Time The time taken to produce a measurement output 
Signal to Noise Ratio 
(SNR) 
A measure of the level of the desired signal to the level of background noise 
Integrity 
The required probability that the sensor measurement is completed with no undetected 
error, or if there is an error, the probability that the error will be detected and a usable 
integrity flag generated within a specified maximum time (Sabatini et al., 2013) 
 
 
 
Marginal AcceptableSignificant Challenge
Performance 
Evalutation
Descriptive Ratings
Worst 
Imaginable 
Best
Imaginable
50 60 70 80 90 100403020100  
FIGURE 4: EVALUATION OF EXPECTED PERFORMANCE 
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TABLE 3: EVALUATION MATRIX OF MAV ATTITUDE SENSORS 
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N
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In
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Roll Acceleration Sensors               
Single MEMS Accelerometer               
MEMS Accelerometer array               
Roll Rate Sensors               
Single MEMS Gyroscope               
Dual Gyroscope Arrangement               
Roll Displacement Sensors               
Optical Flow         HD HD     
Horizon Tracking         HD HD     
Scene Structure Tracking         HD HD     
Translation Sensors               
GPS Multi-antenna               
Integrated Sensors               
IMU               
Unacceptable   
 
Marginal    
Acceptable    
Hardware Dependent HD   
    
 
 
5.1 Roll Acceleration Sensors 
As illustrated in Figure 2, the first perturbation phenomena measurable by reactive sensors is 
an acceleration. In this case, an angular acceleration about the body’s x-axis. The most 
common method for measuring this phenomena is through the use of MEMS accelerometers. 
5.1.1 MEMS Accelerometers 
Accelerometers can be used to estimate an MAV’s attitude with reference to the local gravity 
vector by measuring accelerations in multiple axes. A MEMS accelerometer is a suspension 
system employing a proof mass. Accelerations are detected by measuring the displacement or 
oscillations of the proof mass. The smaller the size of the proof mass, the greater the 
acceleration referred noise. However, there are methods to increase the size of the proof mass 
such as exploitation of the entire substrate (Yazdi et al., 1998). The introduction of closed-
loop accelerometers can considerably improve performance. A closed-loop accelerometer 
uses a feedback loop to regulate the motion of the proof mass. Acceleration is derived from 
the feedback forces applied thus the performance is mostly determined by electrostatic force 
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generated by high stability voltage (Dong et al., 2011). Since the proof mass is nearly 
stationary, sensitivity and bias to manufacturing tolerances can be considerably reduced, in 
addition to an improved dynamic range and linearity (Kulah et al., 2006).  
There are various physical mechanisms, which can be used to measure acceleration including 
capacitive, piezoresistive, optical, and tunnelling-current (McNamara and Gianchandani, 
2011). The most common types of MEMS accelerometers are capacitive, piezoresistive or 
tunnelling-current (see Figure 5 and Figure 6). Piezoresistive accelerometers indirectly 
measure the strain of the spring holding the proof mass (Roylance and Angell, 1979, Suminto, 
1991). Piezoelectric accelerometers inherently possess a low output signal and high output 
impedance requiring the use of built-in electronics to amplify the output signal. Capacitive 
accelerometers detect the capacitance between the inertial mass and the substrate to measure 
displacement (Chae et al., 2005, Xiao et al., 2008). Closed-loop capacitive sensors 
counterbalance the proof mass by inducing an electrostatic force controlled by a force-
feedback system. Capacitive sensing interfaces are suitable for closed-loop operation allowing 
high output signal, improved linearity, and low thermal sensitivity (Lewis et al., 1996, Ji and 
Wang, 2005). MEMS capacitive closed loop accelerometers are currently attracting more 
research interest due to their superior performance (Liu et al., 2013). It is predicted that this 
accelerometer type will dominate with respect to performance over the next decade 
(Perlmutter and Robin, 2012). Tunnelling-current accelerometers exhibit the highest 
sensitivity of the MEMS-based devices (Dong et al., 2005, Hartwell et al., 1998, Liu et al., 
1998a, Liu and Kenny, 2001, Miao et al., 2007, Yazdi et al., 1998). Tunnelling current 
accelerometers use a conductive tip, referred to as a “tunnelling tip”, to bring two conductors 
within close proximity of one another with an applied bias. The amount of electrons crossing 
the gap between the tip and the surrounding conductor is proportional to the size of the gap, 
which is proportional to the applied acceleration. The tunnelling tip improves measurement 
sensitivity and resolution. Fabrication imperfections can lead to large-gap designs (i.e. the 
distance between the two conductors) degrading performance (McNamara and Gianchandani, 
2011). There are significant drift, repeatability, reliability robustness and noise problems 
compared with the piezoresistive and capacitive accelerometer types (McNamara and 
Gianchandani, 2011). Tunnelling-current accelerometers cost more to fabricate and require 
more sophisticated control circuitry. 
 
FIGURE 5:  PIEZORESISTIVE ACCELEROMETER'S MAIN THREE COMPONENTS: 
SUBSTRATE(COVER), INERTIAL MASS, AND RESTORING SPRING (ROYLANCE AND ANGELL, 1979, 
MCNAMARA AND GIANCHANDANI, 2011) 
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(a)      (b) 
FIGURE 6: (A) CAPACITIVE ACCELEROMETER ANATOMY (CHAE ET AL., 2005) (B) TUNNEL-
CURRENT ACCELEROMETER ANATOMY (LIU AND KENNY, 2001, MCNAMARA AND 
GIANCHANDANI, 2011) 
 
5.1.1.1 Deficiencies of MEMS Accelerometers 
Accelerometers can be classified based on their performance as Rate grade, Tactical grade, 
and Inertial (or navigation) grade. Rate grade category accelerometers have the lowest 
performance. The limitations unique to MAVs limit the choice of accelerometers to MEMS 
type, which has struggled to reach tactical grade (Dong et al., 2011) and more recently 
navigation grade (Keller, 2013). MEMS accelerometer’s vulnerability to vibration and 
temperature variation has led to lower performance and reliability issues (Li et al., 2005, 
Sarihan et al., 2008). Packaging stresses due to temperature variation, humidity, and vibration 
can affect performance and increase the potential for sensor failures (Jian et al., 2011). 
Failures can be caused by fatigue, fracture, interfacial delamination or stiction (i.e. sticking of 
the sensing elements) (Spengen et al., 2003). Consequently, performance degradation from 
the harsh operating conditions of MAVs can be significant. Accelerometers are unable to 
differentiate between the different components of acceleration (specifically gravity and 
platform motion). In this case, the sensor measures all forces acting on the MAV, which can 
lead to significant noise at higher frequencies, with a stable output signal at lower frequencies. 
However, it is the higher frequencies, which are relevant for attitude control of MAVs and are 
critical in the presence of atmospheric turbulence. As a consequence of miniaturisation 
MEMS accelerometers have linearity issues in addition to limited dynamic range, cross-axis 
sensitivity and are more vulnerable to signal noise.  
5.2 Roll Rate Sensors 
Referring to Figure 2, the fifth measurable phenomena caused by turbulence is roll rate, which 
is most commonly measured using a MEMS gyroscope. 
5.2.1 MEMS Gyroscopes  
Gyroscopes measure the angular rate (i.e. speed of rotation). MEMS gyroscopes are the most 
relevant type of gyroscopes for MAV utilisation due to their miniature size and low cost 
compared to other types. Vibratory gyroscopes were inspired from insects' halters, which 
serve a similar purpose in insect flight stability Anon (1946). Vibratory gyroscopes take 
advantage of the Coriolis Effect to determine motion perturbations. The sensor converts the 
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momentum of a vibrating mass into a force proportionate to the angular rate in the plane of 
vibration (Madni et al., 2003). Conventional implementations utilise single degree-of-freedom 
(DOF) drive-and-sense-modes (Weinberg and Kourepenis, 2006, Yazdi et al., 1998).  
There are several design variations of MEMS vibrating gyroscopes. The most widely used are 
tuning fork gyroscopes and ring gyroscopes, see Figure 7 and Figure 8. Tuning fork 
gyroscopes use a pair of masses, which oscillate in opposite directions but at the same 
amplitude. When the masses undergo rotation, a force perpendicular to the rotation is 
vibration created by the Coriolis force is sensed during rotation. A ring gyroscope employs a 
highly symmetrical structure, which is excited by electrostatic forces. This excitation vibrates 
the structure into the primary flexural mode with a fixed amplitude.  
When the structure is subjected to rotation around the structure’s normal axis causes energy to 
transfer from the primary to the secondary flexural mode (45o apart from primary mode) using 
the Coriolis Effect. The change in amplitude which builds up proportionally is measured 
using capacitive techniques. Ring gyroscopes benefit from reduced cross-axis interference. 
One design difficulty of vibratory gyroscopes is the requirement of the sensing element to 
move and to be controlled in two DOF. One DOF is for the driven mode while the other is for 
the sense mode. The drive direction represents the resonator while the sense direction 
represents an accelerometer. It is desirable to maximise the frequency and amplitude of the 
drive mode, but it is also necessary to keep both constant since minute variations can affect 
the Coriolis acceleration (Kraft, 2000). An auto gain control loop and phased locked loop is 
used for amplitude and frequency control, respectively.  
 
 
FIGURE 7: (A) TUNING FORK GYROSCOPE (BERNSTEIN ET AL., 1993). (AYAZI AND NAJAFI, 2001) 
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(MCNAMARA AND GIANCHANDANI, 2011)FIGURE 8: (A) A VIBRATING RING GYROSCOPE (B) THE 
DRIVE MODE HAS ITS MAXIMUM DEFLECTION AT 0, 90, 180, AND 270O, WHILE THE 45, 135, 225, 
AND 315O POSITIONS ARE MOTIONLESS (C) THE SENSE MODE IS ROTATED BY 45O FROM THE 
DRIVE MODE (AYAZI AND NAJAFI, 2001) 
 
5.2.1.1 Deficiencies of MEMS Gyroscopes 
Gyroscopes can be classified based on their performance similar to accelerometers. Perlmutter 
and Robin (2012) predicts that MEMS Gyroscopes will dominate the tactical grade 
performance range (0.1 – 100 deg/h). However, the miniaturisation of MEMS gyroscopes 
comes at the price of resolution, bandwidth, and gain, where the magnetic actuation and 
detection can be problematic at smaller scales (Kraft, 2000, Trusov et al., 2009). There is also 
an additional trade-off between the sensitivity and bandwidth of the sensor. The sensor is 
highly sensitive to manufacturing tolerances (Trusov et al., 2009), in addition to packaging 
stresses (Joo and Choa, 2007, Rogers et al., 2005). The stresses are influenced by variations in 
the temperature, leading to significant drift in the sensor output, changes to the sensitivity of 
the sensor and potentially failures. Drift can be reduced by adjusting the resonant frequencies 
electrostatically, where an electronic circuit can be devised to continually perform 
electrostatic tuning. However, this comes at the penalty of additional weight and computation 
(McNamara and Gianchandani, 2011). There are numerous gyroscopes that utilise a closed-
loop feedback controller to match the resonant frequencies and account for temperature 
variations (Gallacher et al., 2006, Oboe et al., 2005, Park and Horowitz, 2003, Saukoski et al., 
2007, Sung et al., 2008, Sung et al., 2007). Quadrature error, which occurs from the 
misalignment of the drive mode from its optimum direction, can be problematic (Kraft, 2000). 
Mechanical misalignment (mainly) causes a coupling between the drive and sense axes of a 
vibrating gyroscope. The component of acceleration measured along the sense axis due to this 
alignment is called the “quadrature acceleration”. Ideally you want this to be zero (perfectly 
orthogonal drive/sense axes). This error introduces a signal in the sense mode that needs to be 
filtered by additional computation.  
Drift is a major concern for attitude control of MAVs, which will result in significant 
accumulated error over time. The output signal is therefore stable in the short term (i.e. higher 
frequencies perturbations) however is unstable in the long term (i.e. lower frequencies 
perturbations). This attribute is beneficial in highly turbulent conditions; subsequently 
gyroscopes are usually combined with accelerometers to provide a more stable signal (see 
section 5.5.3). However, in their current form MEMS gyroscopes cannot operate individually 
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for attitude estimation of MAVs. Furthermore, the sequencing of the measured signal (i.e. 
rate) in the gust perturbation process introduces undesirable time-delays in contrast to 
accelerometers which can detect infinitesimal changes, see (Mohamed et al., 2014a). 
5.3 Roll Displacement 
A wide range of sensors can be used to measure roll displacement in MAVs, including: tilt 
sensors, magnetometers, electro optical/infrared sensors and Global Navigation Satellite 
Systems (GNSS).  
5.3.1 Electro Optical Sensors 
An alternative and well established attitude measurement technique involves image 
processing. On-board cameras record successive images, for: feature detection and matching; 
and/or velocity measurement of detected features.  Input to the control system are the spatial 
derivatives obtained from the sequence of images. The following subsections will individually 
explore the main image processing techniques. 
5.3.1.1 Optical Flow 
Optical flow is a biologically inspired image processing approach for visual guidance. Optic 
flow techniques were first published by Gibson (1950). Optical flow can be described as the 
apparent visual motion in a scene as seen by a moving observer. It is perceived by the eye as a 
vector field representing angular speed, at which a contrasting object in the scene is moving 
past the observer (Aubépart and Franceschini, 2007). Optic flow is heavily used by insects 
where a large portion of the neurons of the brain contribute to visual information processing. 
Flies such as Musca and Calliphora use two-thirds of their brain for processing visual 
information (Strausfeld, 1976). Neurons responsible for measuring the angular speed of the 
vectors are known as Elementary Motion Detectors (EMD). Flies are equipped with an array 
of EMDs for assessing optical flow, which makes this species well suited for optical flow 
studies (Franceschini, 1985). Insects have generally mastered this sensory system for 
controlling their altitude and speed, landing, and attitude control (Taylor and Krapp, 2007). 
The idea of using visual cues for the attitude control is therefore an attractive option for 
robotics motivating a diverse investigations.  
MAV attitude control can be achieved through the use of optical flow. The approach requires 
algorithms to extract, identify and treat visual information from an on-board camera for 
attitude estimation of an MAV (Wang et al., 2011). This approach is advantageous for 
applications requiring high positional accuracy in reference to objects during proximity 
flights. Optical flow can also be adapted for navigation and collision avoidance (Green et al., 
2003). These advantages have made optical flow a research focus, where it is seen as the key 
for automatic guidance of aerial vehicles (Ruffier and Franceschini, 2005). It is also 
considered fundamental for MAV employment, which requires some degree of decision-
making autonomy (Aubépart and Franceschini, 2007). Kendoul et al. (2009) also assert the 
importance of optical flow for small aerial vehicle's control and guidance, however, further 
research into the practical problems associated with the implementation of the approach on 
software and hardware is needed.   
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Advancements in the performance of Charge-Coupled Devices (CCD) cameras and digital 
signal processors have aided advancements in the implementation of optical flow (Kim and 
Brambley, 2007). This has facilitated the utilisation of optical flow in robotic aerial vehicles 
where an embedded computer processing chip is dedicated entirely to the determination of 
displacement measurements through optical flow (Zufferey and Floreano, 2006). There are 
also recent attempts in utilising multiple sensors for performance improvement of optical flow 
(Kim and Brambley, 2007, Chahl et al., 2011). A major limitation to optical flow and all other 
electro-optical based approaches, is that their performance is highly dependent on the visual 
scene. Poor lighting, lack of discernable or distinct features, and weather conditions (such as 
rain or fog) can deteriorate performance. This limits the MAV’s utility in certain conditions 
reducing its operational spectrum.  
Despite major advances in computer processing hardware, optic flow approaches are 
computationally intensive which may introduce undesirable latencies. The additional 
computational hardware required to process optic flow-based approaches means that they 
have higher relative power consumption than other conventional sensing options. Optical flow 
can also be constrained by the bandwidth of the input visual data (Ollero and Merino, 2004). 
Liu et al. (1998b) studied the trade-offs between accuracy and efficiency in optical flow 
algorithms. The study found that the design of optical flow algorithms has focussed 
exclusively on improving accuracy to the detriment of algorithm efficiency, and vice versa. 
Thus current solutions either lack accuracy or efficiency. The aforementioned challenges limit 
the applicability of optical flow for MAV gust alleviation and until researchers resolve its 
associated issues, this approach is not well suited for MAV attitude control in elevated 
turbulence. There is however significant promise in addressing high computational 
requirements of optical-based approaches using field-programmable gate array (FPGA). 
FPGAs are configurable integrated circuits designed for post-manufacturing modification. 
FPGAs feature configurable logic blocks connected via programmable inter connects.  
5.3.1.2 Horizon Tracking 
Most flying insects use an auxiliary visual system known as the ocelli (Chahl et al., 2011). 
Owing to the simplicity of this system, the ocelli sensing system work faster than compound 
eyes, thus covering a higher dynamic range of light intensity changes (Taylor and Krapp, 
2007). The ocelli are anatomically adapted to mainly serve as a fast horizon detector, where 
the triangular arrangement allows detection in two axes. Figure 9 shows the anatomical 
structure of a dragonfly's head, outlining the ocelli. Dragonflies are considered sophisticated 
flyers in relation to their impressive manoeuvring flight performance. The dragonfly will 
balance its lateral visual field intensities for levelling in reference to the horizon as shown in 
Figure 10. It is believed that the ocelli serve as the primary input to the insect’s control system 
(Chahl et al., 2011).  
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FIGURE 9: VISUAL SYSTEMS OF THE DRAGONFLY, HEMIANAX PAPUENSIS (CHAHL ET AL., 2011).  
 
FIGURE 10: OPPOSED SENSORS DETECTING IMBALANCE IN LIGHT LEVELS FOR ATTITUDE 
CONTROL (CHAHL ET AL., 2011) 
 
 
The earliest attempt to replicate ocelli horizon sensors can be traced back to 1971, where The 
Royal Aircraft Establishment demonstrated successful operation of albedo horizon sensors 
(Brookman, 1971). Later attempts were mainly based on MEMS thermopiles, which detect 
temperature variations in the infrared band (Jr. et al., 1972, Gwozdecki, 2001, Taylor et al., 
2003, Herrmann et al., 2005). Horizon infrared sensors use Planck's Blackbody Radiation 
Law and Wien's Displacement Law to detect the horizon. Detection is possible because of the 
temperature difference existent between the ground and atmosphere. Through the use of 
multiple pairs of MEMS thermopiles arranged 180 degrees apart and oriented along the 
aircraft's main axis, temperature differencing between the sky and ground is possible. 
Implementation comprises of two or three sets of sensor pairs, so that during a rolling or 
pitching motion differential temperature readings are induced outputting a signal 
corresponding to the vehicle's orientation with respect to the horizon. The sensor requires a 
clear unobstructed view of the horizon, otherwise erroneous readings will results. Taylor et al. 
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(2003) extended and installed the thermopiles to the wingtips to overcome this problem as 
shown in Figure 11.  
  
FIGURE 11: WINGTIP THERMOPILES SENSING ROLLING MOTION IN REFERENCE TO THE 
HORIZON (TAYLOR ET AL., 2003) 
 
Another similar implementation uses image-processing techniques for optical detection of the 
horizon (Todorovic et al., 2003). The approach uses an on-board forward-looking camera 
where the pixels from its video feed are identified as either sky or ground. In this particular 
implementation, processing is done off-board in an on-ground computer due to the large 
processing requirements, which then transmits its output back to aircraft. A similar approach 
where processing was conducted on-board the aircraft is presented by Cornall et al. (2006). 
Dusha et al. (2007) present a horizon detection technique that takes advantage of optical flow 
in order to reduce false horizon detections and improve robustness in the presence of noise, 
poor video link or variable lighting conditions. However, there were cases where the 
algorithm failed to correctly identify the horizon from a number of possible horizon 
candidates or identified the incorrect candidate (typically due to straight-line features present 
in most manmade structures). Image-based horizon sensing techniques are more 
computationally intensive than simpler thermopile-based approaches. Horizon sensing is 
limited to those operations where an unobstructed view of the horizon can be maintained. 
Thus, it is not suitable for MAVs operating at low altitudes around buildings, in valleys or at 
very low altitudes. Weather conditions can also limit the performance of horizon sensors, 
although the aforementioned studies attempt to improve the robustness of the system. 
5.3.1.3 Scene Structure Tracking 
Scene structure tracking presents an alternative image processing techniques for low flying 
vehicles where the horizon is invisible. A number of studies attempted to reconstruct an 
invisible horizon by analysing vanishing points (Antone and Teller, 2000, Demonceaux et al., 
2007, Bazin et al., 2008). Alternatively, Hwangbo and Kanade (2011) proposed the concept of 
exploiting the strong regularities of structure in man-made environments for visual cues on 
the gravitational direction. A drift-less attitude estimator technique was presented, which 
extracts image line segments from the observed image of man-made structures (i.e. buildings) 
to measure the absolute attitude (Hwangbo and Kanade, 2011). The technique is largely based 
on the regularity of the surrounding environment, assuming that the extracted line segments 
are either parallel or orthogonal to the gravitational direction. The visual measurements are 
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then used for correcting the accumulated errors of inertial sensors. This technique is 
challenged by distant images when the extracted line segments become sparse, short and 
noisy, increasing error. Additionally, the sampling rate can be a limiting factor. Hwangbo and 
Kanade (2011) achieved a measurement output rate of 5Hz using a 1GHz pico-ITX on-board 
computer, see Figure 12 and Figure 13. Apart from the higher computational requirement, 
typical of most vision-based sensing approaches, the achievable output rate may not be 
sufficient for sensing of atmospheric turbulence. This method is also heavily reliant on object 
identification and tracking between images. Erroneous identification due to scene 
irregularities (i.e. false alarms) can occur. This method works best in built up areas, where 
MAVs are expected to operate regularly. However, MAV operations using a scene structuring 
system in environments of low or repetitive features (e.g., deserts, farms, ocean), would be 
limited. The performance of this approach is therefore coupled to the sensor’s Field of View 
(FoV), where the tracking may fail in certain situations (i.e., fog, clouds, rain etc.) 
 
FIGURE 12: (LEFT COLUMN) IMAGES TAKEN DURING FLIGHT. (MIDDLE COLUMN) LINE 
SEGMENTS EXTRACTED FROM IMAGES (RIGHT COLUMN) ATTITUDE ESTIMATE THE POLE AXIS 
AND THE GREAT CIRCLE INDICATE THE CURRENT ATTITUDE ESTIMATE. ADAPTED FROM 
(HWANGBO AND KANADE, 2011). 
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FIGURE 13: RC MODEL USED BY (HWANGBO AND KANADE, 2011) FOR SCENE STRUCTURE 
TRACKING. MODEL WAS EQUIPPED WITH INERTIAL SENSORS, CCD CAMERA AND ONBOARD 
COMPUTER (HWANGBO AND KANADE, 2011). 
5.3.1.4 Deficiencies of Image Processing Techniques 
Image processing techniques rely primarily on the quality of the recorded images. Image 
quality can be easily blurred due to low frame rate, with aggressive manoeuvres or excessive 
vibrations, which are common in turbulent environments. Additionally, heavy image 
distortion by optics or severe image noise can induce false computations (Sabatini et al., 
2012a) possibly leading to failure as demonstrated in Figure 14. Phenomenal interference 
such as varying-light conditions, snow/rain, or canyons can confuse the system, reducing its 
coverage and availability, see Figure 15. The hardware required for image processing can 
easily exceed the payload capacity and available power on-board MAV's as demonstrated in 
Figure 13. Subsequently, depending on the available computational power and algorithms 
used, the response time of such systems can be significantly lagged. Furthermore, when 
considering the sequencing in the gust perturbation process, it becomes clear that this system 
can only minimize perturbations rather than eliminate them. 
 
FIGURE 14: POOR IMAGE QUALITY OR VIDEO LINK ALTERING HORIZON PRECEPTION (DUSHA ET 
AL., 2007) 
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FIGURE 15: HORIZON DETECTION REQUIRES ROBUST ALGORITHMS TO AVOID FALSE 
DETECTIONS (DUSHA ET AL., 2007) 
5.4 Translation Sensors 
Translation sensors such as Global Navigation Satellite Systems (GNSS), can be used to aid 
the attitude stability of MAVs. These sensors are well suited to track an object's path for 
navigational purposes. This section investigates their suitability for attitude control of MAVs. 
5.4.1 Global Navigation Satellite Systems 
GNSS can be used for attitude measurements using antenna line-up technology or phase-
interference principles. This sensing approach allows an MAV to also realise its heading and 
altitude. In the fundamental concept of interferometric GNSS Attitude Determination (GAD), 
the measurement of the phase of the GNSS signal carrier allows to determine the relative 
displacement of the antennae in the body reference frame, see Figure 16. This information is 
directly related to the attitude of the vehicle. The displacement of the antenna baseline length 
(b) with respect to the LOS of the GNSS signal is given by Equation 1. The relative position 
of the antennae on the vehicle is known a priori, thus reducing the number of satellites 
required.  
 
FIGURE 16: GNSS ATTITUDE DETERMINATION PRINCIPLE (SABATINI ET AL., 2012B) 
 
The error in attitude calculation, σθ can be unacceptably large with baselines in the order of 
MAV wingspans. The σθ can be determined using the relation given in Equation 2, where 
Attitude Dilution of Precision (ADOP) is a parameter used to indicate the accuracy of the 
attitude solution, generally assumed to be ≤ 1. Based on the analysis of different sources of 
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error outlined by Sabatini et al. (2012b), the range error, σr can be estimated to be 0.5. This 
allows σθ to be simplified to the expression presented in Equation 3. Using this relation, the 
error present at small baselines in the order of MAV wingspans is shown in Figure 17. The 
accuracy is inversely proportional to the size of the antenna baseline used. Thus, the small 
size of the MAVs limits the accuracy achievable through multi-antenna attitude sensing. 
Accuracy can be improved by adding antennas but this is constrained by the SWaP limitations 
of MAVs. 
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FIGURE 17: GAD ATTITUDE CALCULATION ERROR AT MICRO-SCALE WINGSPANS 
 
Apart from the accuracy, other issues can challenge GAD adoption by MAVs. 
Communication dropouts with satellites present a major problem, possibly leading to failure 
of the system, requiring a redundant system on-board. Low altitude operation can also 
challenge GAD, where Electromagnetic Interference (EMI) from power lines can be 
problematic. Masking and Multipath issues may also arise due to manoeuvres and when 
operating near the ground (Sabatini, 2013b).  In urban environments, these kind of problems 
are also likely to occur around large obstacles, see Figure 18.  GAD has poor dynamic 
performance (i.e. not suited for high update rates) challenging its use in MAV attitude control. 
It is therefore concluded that GAD in its current technological form is unsuitable for 
employment in MAV attitude control. 
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FIGURE 18: GNSS MASKING AND MULTIPATH ISSUES 
 
5.5 Common Sensor Arrangements 
An investigation into unconventional arrangements of common sensors is conducted. This 
investigation explores the utility of novel arrangements of conventional sensors to reduce 
detection time-delays and extract further performance gains. It is known that certain 
arrangements of the same sensor can increase sensitivity and reduce latencies, however, due 
to SWaP constraints, such implementations are more suited for larger unmanned aircraft.   
5.5.1 Dual Gyroscope Arrangement 
Self-contained MEMS gyroscopes can only take measurements within their own reference 
frame (McNamara and Gianchandani, 2011), however extra performance can be achieved 
from implementing multiple MEMS gyroscopes operating simultaneously.  The utility of two 
gyroscopes outboard on the wings, can improve the detection time-delay. The further apart the 
sensors can be implemented, the higher the sensitivity. This arrangement will also benefit 
from the aero-elasticity inherent by most wings, since the deflection of the wings (implying a 
translation/rotation of the sensors) will help improve the SNR. The control architecture would 
only require minimal programming to cater for the offset of the sensors. However, this 
approach seems more suited to platforms of larger wingspans, where it becomes ineffective 
with shorter and more rigid spans representing MAVs.  
5.5.2 Accelerometer Arrays 
The concept of utilising linear accelerometers for rigid body motion detection was first 
demonstrated by DiNapoli (1965). The concept was further improved by various researchers 
(Schuler, 1967, Mital and King, 1979, A.J.Padgaonkar et al., 1975, Chen et al., 1994, Zappa et 
al., 2001, Q.Wang et al., 2003, Tan and Park, 2005, Akeila et al., 2008, Kao and Chen, 2008). 
Recent work has explored optimal arrangements of accelerometers for highest resolution and 
lowest noise for compact size applications. For example, Latt et al. (2011) showed how novel 
arrangements of accelerometers can enhance sensitivity of motion detection and reduce noise 
by between 17-72%. Although the study was aimed at medical hand-held instruments, the 
concept could be adapted to MAVs, where novel arrangements of accelerometers embedded 
along the wing can increase sensitivity and reduce noise. Apart from the improvement in 
update rate, the angular accelerations can be detected directly without the need for noisy 
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differencing of angular rate measurements. There is a computational penalty in addition to the 
alignment problem associated with employment of multiple accelerometers. This is due to the 
fact that the micro-controller now synthesises a response from multiple discrete 
accelerometers (McNamara and Gianchandani, 2011). 
5.5.3 The Inertial Measurement Unit 
Gyroscopes and accelerometers are commonly integrated to create an Inertial Measurement 
Unit (IMU), which has significantly less noise and drift (however their individual problems 
still persist). IMUs are the most commonly used sensory system in MAVs. The fusion of the 
signals from the different sensors happens through the use of a range of filters, the most 
common of which are the Kalman or complementary filters. The filters provide a “hybrid” or 
“combined” signal, which improves on the performance of any one sensor. 
 A filter can be tuned to allow the control system to depend more on the output of the 
gyroscopes, which is more stable in the short term (i.e., high frequency), and on 
accelerometers in the longer term (i.e., lower frequency). The result is a signal with reduced 
accelerometer noise and gyroscopic drift. To further improve performance the IMU is usually 
fused with the outputs from a GNSS receiver (Vörsmann et al., 2012). The IMU can also be 
fused with a barometric system for altitude correction, a magnetic compass for heading 
correction, and a speed sensor for velocity correction. 
Although the sensory system’s output error can be improved through the use of sensor fusion, 
there are practical implications. Employing multiple sensors requires more space and power 
and more processing resources. These can potentially challenge the SWaP constraints of a 
MAV. Furthermore, it is also important to understand that the more complicated the applied 
signal processing techniques become, the more significant the time-lag becomes to output a 
reading. Current MAVs rely primarily on IMUs fused with correction sensors (mainly GNSS) 
for guidance, navigation and attitude control. With the advancements of MEMS-based IMUs 
to navigation grade (Keller, 2013), this sensory system is still preferred over all others.  
6 Discussion and Conclusion 
This review revealed that conventional state-of-the-art sensors are challenged by the severe 
perturbations induced by turbulence. The SWaP limitations of MAVs, their operational 
environment and dynamics mean that many of the discussed sensors often lack the update 
rate, resolution, accuracy, precision, robustness or reliability needed by MAVs. Individual 
sensor operation is challenged by the various limitations imposed on MAVs as a subsequence 
of their micro-scale (i.e., vibrations noise, low-cost, small storage, etc.). Multiple sensor 
fusion in combination with efficient and effective algorithms can lead to substantial 
performance gains in addition to bounding of accumulating errors.  
With respect to the presented study, MAV attitude control systems should employ multiple 
sensors that could be fused together or integrated individually. Hence, future research should 
focus on novel sensor-combinations. There are many potential sensor combinations, which 
have yet to be investigated, subsequently enhancing various aspects of MAV autonomy in 
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general, but specifically MAV attitude control. It is found that a particular focus of current 
research into new sensors is taking inspiration from nature. Nature’s fliers have evolved to fly 
successfully close to the ground in high turbulence conditions thus it is sensible to turn to 
nature for design cues. The second part of this paper (Mohamed et al., 2014b) investigates 
these novel bio-inspired attitude sensors and their potential utility in fixed-wing MAV 
applications. 
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